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A f i n i t e  element node1 of R composite,  bonded, step 
j o i n t  was developed. The bonded f a i n t  model c o n s i s t e d  of 
two straps of t i t a n i u m  w i t h  four steps each, one p l y  of 
borctn-epoxy bonded t o  each step, adhes ive ly  bonded in B 
symmetrical manner. A t i t a n i u m  face sheet was bonded t o  
each s t r a p  t o  complete the s t r u c t u r a l  model. The joint 
des ign  was h y p o t h e t i c a l  and no t  Intended t o  r e p r e s e n t  any 
s p e c i f i c  s t r u c t u r a l  j o i n t .  It was developed e3 a v e r s a t i l e  
t o o l  f o r  performing prrrnmetrlc s t u d i e s  t o  d e t e r n i n e  t h e  
e f f e c t s  of v a r i o u s  mmterials  p r o p e r t i e s  ane j o i n t  @sometr ies  
on t h e  stresses i n  a bonded s t e p  j ~ i n t .  %inq  t h i s  model 
snd t h e  WSTRAN computer proprem, en n n a l y t l c n l  I n v e s t l w t i o n  
of t h e  effect of metr ix  and edhes lve  s t l f f n e s s e s  on t h e  
a x i a l  and s h e n r  s t r e a s e s  of t h e  j o i n t  was conducted. There 
w 8 s  no eppreciat-1s chenpe i n  t h z  stresses due t o  chmpes I n  
t b e  st,ffness of t h e  adhes ive  which  was vnrfed  from 345 R'Pn 
5 0  3100 MPe. However, i n c r e ~ s i n e  t h e  modulus of t h e  me t r ix  
from 1380 EnP- t o  6900 PPa caused P 12 percent  f n c r e e s e  i n  
t h e  boron fiber a x i a l  stress. 
t h a t  t h e  f i n i t e  element model 1s a v i a b l e  t o o l  for makfnp 
d e t a i l e d  ana lyses  of' t h e  s t r e s s e s  i n  a step j o l n t  w i t h  rrn 
Imposed load.  It can be of s i p n l f l c a n t  va lue  i n  t h e  d e a i p n  
of more e f f i c i e n t  (h iphe r  s t r e n e t h  t o  w e i g h t )  j o j n t s  t a j l o r e d  
t o  s p e c i f i c  a p p l i c a + l o n r .  
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F e g i n n i n g  w l t h  t h e  e s r l i e s t  f l y i n p  mechlnes ,  e l r c r n f t  
d e s i g n e r s  and b u l l d e r s  h8ve c o n t i n u a l l y  b e t t l e d  t h e  problep 
of s t r u c t u r a l  w e i g h t .  @ne approach  used t o  d e v e l o p  more 
e f f i c i e n t  s t r u c t u r e s  is h i q h  modulus f i b e r s  o r  c l o t h  .tn ~1 
p l a s t i c  m a t r i x .  The e a r l i e s t  Attempt t o  npp ly  t h i s  t e c h n i a u e  
t o  Ec i r c ra f t  s t r u c t u r e s  is r e c o r d e d  i n  t h e  p a t e n t  a p p l i c a t i o n  
by R o b e r t  Kemp i n  1 9 1 A  ( r e f .  1 ) .  However, I t  W A S  n o t  
u n t ’ l  1944 t h s t  t h e  f i rs t  R i r c r a f t  f l e w  wlth A s t r u c t i i r a l  
component ( t h e  a f t  f u s e l a e e )  which was f a b r i c a t e d  using:  this 
t e c h n i q u e .  The m n t e r i R l  used  f o r  t h e  s t r u c t u r e  W R S  f i b e r -  
pl*iss  c l o t h  I n  a plastic m t r i x .  Y n t e r i n l s  o f  t h i s  type a r e  
n o r m a l l y  r e f e r r e d  t o  a s  c o m p o s i t e s .  Today n number of o t h e r  
c o m p o s i t e  m a t e r l n l s ,  such  a s  p r a p h i t e  nnd b o r o n  i n  n p l n s t j c  
m a t r i x ,  have been  d e v e l o p e d ;  however,  t h e r e  hss been  verp 
l i t t l e  u s e  of t h e s e  compos”le m a t e r i n l s  I n  R i r r r R f t  
s t r u c t u r e s .  A mRjor r e a s o n  why t h e s e  m a t e r i e l s  have n o t  
been  used  more f r e q u e n t l y  is t h e  l a c k  of  c o n f j d e n c e  i n  
c o m p o s i t e  s t r u c t u r e s .  
A i r c r a f t  d e s i p e r s  a r e  c o n t i n u i n p  t o  d e v e l o p  more 
e f f i c i e n t  s t r u c t u r e s  and t o  make t h e  b e s t  u s e  of t h e  h i p h  
modulus c o m p o s i t e  m e t e r i a l s .  I n  r e c e n t  g e a r s  c o n s i d e m h l e  
e f f o r t  h a s  been  expended toward t h i s  and.  R e f e r e n c e  2 
1 
d e s c r i b e s  R number of e x i s t l n g  r e s e a r c h  p r o g r m s  d e s i g n e d  t o  
d e m o n s t r a t e  t h e  f e a s i b i l i t y  of compos i t e  s t r u c t u r e s .  I n  t h e  
use of  t h o s e  c o m p o s i t e s ,  wbe the r  f o r  e n t i r e  s t r i i c t ~ r ~ l  
c o n p c n e n t s  o r  f o r  s e l e c t i v e  rejnf 'orcement  of m e t a l l i c  
s t r u c t c r e s ,  Rlmost f i l l  P 2 u l i c e t  f o n s  h n v e  s t r u c t u r a l  
Attqchrnents c o n s i s t i n g  o f  r n e t a l l l c  f i t t f n v s  o r  c o n c e n t r a t e d  
l o a d  p o j n t s .  Deve lop in?  En e f f i c l e n t  d e s i r n  f o r  t h e  t r r i n s -  
i t i o n  f r o m  cornposfte t p  p e t a l  kss k e e n  one of  t h e  p a j o r  
prot-lerv Brefis e n c o u n t e r e d  I n  t h e  use o f  c o r p o s ? t e s .  To 
s o l v e  t h i s  problem, 8 r11~1mt.er o f  d i f f e r e n t  "ondjna  t e c h r i a u e s  
s u c h  n s  l a p  s h e e r ,  scRrf ,  and s t e p  j o t n t s  hove keen  proposed  
( r e f ' s .  3 t!-r.ouph 11). P i c u r e  1 i s  an example of  bow t h e s e  
t e c k . n i o u e s  cnn be n p p l i e d  t o  p r n c t ' i c - l  s j t u n t i o n s .  Composj te  
s t r u c t u r e s  si:ck A S  t b i s  oI;e w e  fir:+ P t t e r r p t s  R t  d e s i o n l n p  
and f 3 b r i c a t i n g  a i r c r p f t  p r imary  s t r u c t u r e s .  Y l t h  a p p r o p r i a t e  
s t u d y  c o n s i d e r a b l e  r e f i n e m e n t  of s u c h  ; t r u c t u r e s  i s  p o s s i b l e .  
I n  o r d e r  t o  ~ c c o r n ~ l l s h  t i s ,  knowle(3Ke o f  t h e  i n f l u e n c e  of 
t h e  v a r i o u s  m a t e r i e l  p r o p e r t i e s  end j o l n t  p e o m e t r j e s  i s  
needed .  T h e r e f o r e ,  i n  t h e  d e s i F n  of b o n d e d  l o f n t s ,  8n 
u n d e r s t a n d i n p  o f  t h e  s t r e s s e s  A n d  s t r a l n s  Inc?uced Yn t h e  
j o i r l t s  b y  a p p l i e d  l o a d s  is needed i n  order t o  d e v e l o p  t h e  
most e f f i c i e n t  s t r u c t u r e s .  
The purpose of t h i s  t h e s i s  i s  t o  d e v e l o p  A f l n i t e  
element model of a bonded s t e p  j o i n t  and  t o  p r e s e n t  t h e  
a n a l y t i c a l  r e s u l t s  of a stress a n a l y s l s  of  t b e  j o i n t .  The 
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moeel developed was a symm3trica1, e i g h t - s t e p ,  t i t anfur r -  
boron-epoxy j o i n t  and r e p r e s e n t s  a s e n e r a l  t ype  of honded s t e p  
j o i n t  w i t h  which numeroue p a r m e t r i c  s t u d i e s  can be made. 
Such s t u d i e s  w i l l  be h e l p f u l  I n  t h e  development of more 
e f f i c i e n t  bonded j o i n t s  designed and t a i l o r e d  t o  s p e c i f i c  
a p p l i c a t i o n s .  b i n g  t h e  f i n i t e  element model of t h e  s t e p  
j o i n t  a s t u d y  of t h e  e f f e c t  o f  adhesive snd m s t r i x  s t l f f n e s a e s  
on t h e  a x i a l ,  normal, a n d  shear s t r e s s  d l s t r l h u t i o n s  f n  t h e  
j o i n t  W P B  made nnd is included as A p a r t  of t h i s  t hes i s .  The 
bonded j o i n t  analyzed i s  h y p o t h e t i c a l  bu t  i s  r e p r e s e n t a t i v e  
of  s t r u c t u r a l  j o i n t s  t h e t  ere be inp  expe r iwen te l ly  eve lua ted  
f o r  aerospace e p p l i c e t l o n s .  For example, t h e  j o i n t  model 
developed f o r  t h i s  t h e s i s  could be used t o  approxirnnte t h e  
s t r e s s e s  and s t r a i n s  induced i n  t h e  j o i n t s  of t h e  s t r i ic t i i re  
shown i n  f i u .  1. The NASA S t r u c t u r e 1  4 n a l y s i s  Proeram 
NASTRAF: ( r e f .  12) was used for t h e  s n s l y s l s .  The e l a s t i c  
modulus of t h e  adhesive wss v s r i e d  from 3L15 MPa t o  3100 wrPa 
w i t h  t h e  nominal va lue  of a commonly used edhes ive  of 1030 
MPe. The e l a s t i c  modulus of t h e  composite metrlx m a t e r i a l  
wa8 v a r i e d  from 1360 MPa t o  6900 YYa w i t h  A nominerl n l u e  of 
3100 E?Pa. These nominal va lues  were used t o  ans lvze  t h e  
axiB1, normal, and s h e a r  s t r e s s e s  in t b e  j o i n t ;  t h e n ,  t h e  
e l a s t i c  moduli were va r i ed  t o  determine t h e i r  e f f ec t  on t h e  
stresses i n  t h e  j o i n t .  
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The bonded s t e p  jo!nt develope6 f o r  and analyzed i n  
t h i s  t h e s i s  was t h a t  of R symmetric,, e i p h t - s t e p  j o i n t  
( f i e .  2 ) .  Eech of t h e  f o u r - s t e p  t t t a n j u m  s t r a p s  hn? one 
ply of  boron-epoxy bonded t o  eech s t e p .  The epoxy rnntrjx 
m a t e r i a l  was used t o  adhes ive ly  bond t % e  boron-epoxy t o  t h e  
t i t a n i u m  s t r a p s ,  These two s t r n p s  And t h e  nssoc-fnted 
composite m n t e r i n l  were bonded t o q a t h e r  w l t h  *’1 pdhesive.  A 
t i t s n i u m  f a c e  shee t  w8s ~ l s o  bonded t o  each s t r a p  t o  complete 
the j o i n t  s t r u c t u r e ,  The f i n j t e  element rrodel WPS extended 
s u f f i c i e n t l y  f e r  beyond each end  of’ t h e  j o i n t  t o  prec lude  
any in f luence  cf edpe effects i n  t 9 e  foint. 
T h i s  Feometry was chosen f o r  s e v e r a l  rensons :  f t  
r e p r e s e n t s  9 t y p i c a l  s t e p  j o i n t  i n  bonc?dd, composite j o i n t s ;  
It appr. !mates s c a r f  j o i n t s ;  tens!le t e s t  specjwens of t h e  
c o n f i g u r a t i o n  can be r e a d i l y  f o h r i c e t e d ;  end t h e  f i n i t e  
element model of t h e  j o j n t  h a s  r e l n t i r e l g  few depress o f  
freedom which he lps  keep t h e  computer c o s t  down. Four steps 
were chosen f o r  each s t r a p  of t l t a n i u n  i n  o rde r  t o  keep  t h e  
model sma l l  and because i t  we9 assumed t o  he  s u f r i c i e n t  
s i n c e  t h e  s i e n i f i c a n t  peek s t r e s s e s  were expected t o  occur 
jn t h e  f irst  t h r e e  steps ( r e f a .  10 e.7C 13) .  
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CH4PTER TI1 
The f i n i t e  element mode; developed t o  study t h e  bonded 
s tep  j o i n t  c o n s i s t s  of q u e d r i l a t e r e l  elements.  S ince  t h e  
j o i n t  is symmetrical ,  it is necessa ry  t o  model only one-half 
of i t .  Fipure 3 is  B s k e t c h  of t h e  a n a l y t i c a l  model showfn? 
t h e  elements and c o n s t i t u e n t  arrangement . This ske tch  i s  
not  dpaun t o  s c a l e ;  it is presented  only  t o  show t b e  e lements  
and t h e  r e h t i v e  arrangement of t h e  four m a t e r i a l s  ( t o e . ,  
t i t an ium,  adhesive, epoxy matrix,  and boron f i b e r s )  i n  t h e  
model. The model was arrenged so t h e t  t h e  m a t e r i d  p r o p e r t i e s  
of each c o n s t l t u e n t  could r e a d i l y  be changed. 
s tudy t h e  stresses i n  each c o n s t l t u e n t  of t h e  composite, 
each p l y  of boron-epoxy was d iv ided  i n t o  equa l  volumes of 
boron and epoxy. T h i s  is the nomjnal volume f r r rc t ion  
normally used f o r  boron-epoxy (ref.  14). FOP t h i s  model 
t h e  boron f i l amen t  volume W A S  ssaumed t o  be d i s t r i b u t e d  i n  
a cont inuous,  uniformly t h i c k  l a y e r  of boron sandwiched 
between equal  volumes of epoxy. I n  order  t o  s fmul s t e  t h e  
epoxy bond i n  an e c t u a l  composite layup, t h e  end of each 
boron f i b e r  we8 bonded t o  t h e  t i t a n i u m  s t r a p  w l t h  nn element 
of epoxyo Although t h i s  bond th i ckness ,  0.25 cm, i s  larFer 
t h a n  those  normally febrfcated i n  composite a t r u c t u r e s  
( t h i c k n e s s e s  up  t o  approximately 0.15 cm), i t  was not 
In orde r  t o  
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considered t o  s i c n i f i c a n t l y  e f f s c t  t h e  r e s u l t s .  
The elements and  grid p o i n t s  were numbered from 1 - f t  
t o  r i g h t  s t a r t i n g  a t  t he  lower l e f t  c o r n e r  of t h e  mdel .  
The model hPs 54@ grid po in t s ,  494 elements ,  and 1033 degrees 
of freedom. These fieqrees of freedom c o n s i s t  of t r n n s l n -  
t i o n a l  n o t i o n  j n  t h e  x and y d i r e c t i o n s  f o r  n l l  m i d  p o j n t s  
except those  a t  x=@ and those  a t  y=gmax ( f f c .  4). 
4 is a ske tch  o f  one-helf of the j o i n t  showfng t h e  imposed 
boundery cond i t ions .  The n e u t r a l  a x i s  of t h e  j o i n t  i s  t h e  
upper h o r i z o n t a l  l i n e  and  i s  marked c e n t e r l i n e .  The F r i e  
p o i n t s  n t  x=O me r e s t r i c t e d  t o  t r a n s b t i o n s l  Rotion i n  t h e  
y-d i rec t ion .  T h i s  fixes t h e  l e f t  en6 of t.e model t o  Rllow 
t h e  r i - p h t  end t o  be d i sp laced  and n l l o w s  displecement  i n  t b e  
y -d i r ec t ion  t o  account f o r  t h e  Poisson e f f e c t .  Those p o i n t s  
a t  y=ymex a r e  r e s t r i c t e d  t o  t r a n s l s t i o n a l  motion i n  -e 
x-d i r ec t ion  s i n c e  they  Are a t  the n e u t r a l   xis of t h e  vodel. 
In Axial loading  t h e  n e u t r a l  a x i s  uauld not  be d i sp laced  
u n t i l  i n s t e b j l i t i e s  were achieved. :%is s tudy  does  not  
inc lude  such deformations.  The q r i d  point  s t  x=O Rnd p=ymax 
is resl.r!;ted i n  both  d i r e c t i o n s  a i n c e  it  is a t  t h e  n e u t r a l  
a x i s  and P t  rhe f i x e d ,  l e f t  end  of the  model. 
Pipure 
Since it wculc! be extremely 8 i f f i c u l t  t o  determine the 
load va lues  f o r  each p r i d  p o i n t ,  a t  t h e  r i p h t  end of t h e  
0. t7?2 
model, a uniform displacement  (m crn) W A S  imposed on ~ 1 1  
t h e  g r i d  p o i n t s  e t  t h e  r i p h t  end of t h e  model A S  shown by 
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t h e  dashed  line i n  fig. 4. The uniform d i sp lmemen t  s l n u l a t e d  
an a x i a l  load on the model and was c a l c u l a t e d  from s t r a j n  
mea-urements publ i shed  i n  re f .  13. 
The nssunptfons made f o r  t h i s  P n a l y s i s  were: 
1. S t r e s s - s t r n i n  r e l a t i o n s h 4 p  I s  lqnesr  wi th fn  
t h e  m e a  of i n t e r e s t  f o r  both t h e  epoxy mntrix 
end adhesive.  
2. Poisson's r p t l o  of  epoxy equals  0.3 
3. Poisson 's  r a t i o  of n+heslve e q u a l s  0.4 
4. ElastIc modulus of  t i t a n i u m  eou1r11s 1.10 x 10 FFPa 
5 .  E l n s t i c  modulus of  boron eaun l s  x 1(! YPa 
A .  Plrrne stress (Ir!embrane elements  were used i n  
5 
5 
t h e  Xfi STRP N pr  oeram . ) 
The XFSTRAN compiiter program is 8 f'inlte element 
program developed under N4SA. c o n t r s c t .  It wns developed 
as en AI(! i n  t h e  e n a l y s j s  And d e s i p n  of general s t r u c t u r e s .  
The protram computes t h e  a x i e l ,  normal, And s h e w  s t r e s s e s  
of t h e  elements;  t h e  grird p o i n t  d i sp lacements ;  And t h e  
f o r c e s  e t  t h e  cons t r a ined  g r i d  po in t s .  Only t h e  s t r e s s e s  
will he presented  i n  t h i s  n n a l y s i s .  
11 
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The numerical  r e s u l t s  presented i n  t h i s  thesis  nre 
bel lever!  t o  be  w i t h i n  4 percent  of what t hey  would be i f  t h e  
j o i n t  were losded exper imenta l ly .  C r e d i t n F l l i t y  of this 
s ta tement  i s  b8,sed on t h e  rqsults presented  i n  re f .  13 where 
a n a l y t i c n l l y  determined s t r n i n s  compared f avornp lg  w l t h  
measured s t r a i n s  i n  t h e  bonded f o i n t .  The numericel  annlysis 
t echn iques  of ref .  13 8nd t h i s  t h e s i s  crre i d e n t l c a l .  A 
d i f f e r e n t  f i n i t e  element model W R S  developed f o r  esch io’lnt. 
However t h e  d f f f e r e n c e s  in t h e  models Are n o t  expected t o  
s i g n i f i c a n t l y  a f f e c t  t h e  accuracy of the  reS1IltSm 
IIominAl v a l u e s  of 3 1 O C  i f?R and 1030 XPn were used 
r e s p e c t i v e l y  f o r  t h e  e l n s t i c  !noduli of t h e  epoxy matr ix  
and adhes ive  systems. These volues  r e p r e s e n t  those of 
commonly used systems and were used ns R bnse f o r  t h e  s t r e s s  
a n a l y s i s ,  s e f o r e  d i s c u s s i n p  t h e  e f f e c t s  of chanees i n  thc9Pe 
moduli on t h e  a x i a l  and shea r  s t r e s s  d f a t r i b u t i o n s  i n  t h e  
j o i n t ,  t h e  s t r e s s e s  developed us inF t h e  nomlnnl moduli 
va lues  w i l l  be dfscussed  rn 
A contour  p l o t  of t h e  Rx ia l  s t r e s s  d i s t r i h u t i o n  in the  
j o i n t  model I s  shown i n  fig, 5 .  
contour plots  are genernted by t h e  use of a d i p i t a l  computer 
program I s  given  In ref. 15, The contour  l i n e s  m e  a t  49 NPe 
4 d i s c u s s i o n  of how such 
I. 2 
I 
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i n t e r v n l s .  Derk l i n e s  hnve been added t o  t h e  p l a t  t o  show 
t h e  s t e p  j o i n t  and t h e  v a r j o u s  c o n s t i t u e n t s  of t h e  model. 
The boron f ibe r s  w e  r a n e i l y  i d e n t i f i e d  by t h e  four concen- 
t r s t i o n s  of contour  l i n e s ,  i n d j c a t i n q  the  areRs w i t h  t h e  
hiEhest  axis1 stresses.  The peRk stress OCCUPS in t h e  boron 
f ibe r  ad jacen t  t o  the  c e n t e r l j n e  of t h e  podel.  Tbis nenk 
s t r e s s  occurs i u a t  avove t h e  mRtr€x bond P t  t h e  a t p r t  of t h e  
next  step. Per tu rbn t ions  'In t h e  R x h l  stress i n  t h e  fTrst 
boror  f iber also occur a t  each of t h e  o t h e r  t w o  s t e p  locet t lons 
and a t  t h e  end of the  t i t q n l u m  s t r a p .  These p e r t u r h s t j o n s  
w i l l  h e  d i scussed  i n  g r e o t e r  d e t a i l  l a t e r  i n  thjs t hes i s .  
Likewise, each chfinge i n  c o n f i g u r n t i o n  causes  p e r t u r b a t j o n s  
i n  t h e  s t r e s s  d i s t r i b u t i o n  of ench of the o t h e r  f ibers .  
This i s  also true f o r  t h e  t i t a n i u m  s t r a p  and f ece  sheet.  
No apprec iab le  a x i a l  s t r e s s e s  A r e  developed fn t h e  ndheslve 
and mntrix m a t e r i a l s .  
A similar contour  p l o t  f o r  t h e  normal s t r e s a  Aj s t r fhu -  
t l o n  is shown i n  f i g .  6 .  I n  t h i s  p l o t  t h e  contour  l i n e s  
a r e  a t  3.45 KPe i n t e r v a l s .  nark  l i n e s  have been added t o  
t h e  p l o t  t o  show t h e  s t e p  j o i n t  an6 the  vn r ious  s o n s t j t u e n t s  
of t h e  model. The peak norm81 stresses, i n  hoth  the boron- 
epoxy end t h e  t i t an ium,  tire a t  t h e  same l o c a t i o n s  a s  t h e  
pgak a x i a l  stresses i n  fi3. 5 snd m e  relnted tn t h e s e  
l a t t e r  streaseer through t h e  Poisson e f f e c t .  Not6 t h n t  th6re 
is z e r o  n o r m 1  stress e t  a l l  edges. 
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Figure  7 is a contour p l o t  of t h e  shear  s t r e s 8  d i s t r i -  
bu t ion  i n  t h e  j o i n t  model. The oontour  l i n e e  a r e  a t  1.3f! M P a  
i n t e r v a l s .  The s p e c i f i c  l o c a t i o n s  of t h e  peak shea r  stresses 
are r e a d i l y  i d e n t i f i e d  and are In t h e  immediate v i c i n i t y  of 
t h e  bonded s tep  j o i n t .  The c r i t i c a l  shea r  stresses occur i n  
t h e  f irst  p l y  of boron-epoxy and w i l l  be discussed  i n  @ r e n t e r  
de t a i l  l a t e r  i n  t h e  thesis. There is e s s e n t i a l l y  no shee r  
stress developed i n  t h e  adhesive l a y e r s  o r  i n  t h e  t i t a n i u m  
f a c e  sheet. 
I n  o rde r  t o  look a t  t h e  stresses i n  c r i t i c s 1  a r e a s  of 
t h e  j o i n t  in g r e a t e r  de t a i l  than has  been shown i n  t h e  
contour  p l o t s ,  t h e  a x i a l  and shea r  s t r e s s e s  i n  c e r t a i n  rows 
of elements ape p ~ e s e n t e d .  
malleed a i e l  stress p l o t t e d  a s  a f u n c t i o n  of d i s t a n c e  rrlonp; 
t h e  model or t h e  row of elements con ta in ing  t h e  first ply 
of boron fibers. 
labeled and do t t ed  a r e a  i n  t h e  schernatio a t  t h e  t o p  of 
Pig. 8. 
a x i a l  stress is cons tan t  (approximately 0.29 times t h e  peak 
stress) a long  t h e  model t o  t h e  first step. A t  t h i r  po in t  
t he  s t r e e a  decreaseta, r a p i d l y ,  t o  e s s e n t i s l l y  aero. T h i s  
sudden decrease  i n  t he  a x i a l  mtrasr is due t o  and o c c w s  i n  
Figure 8 is a p l o t  of the nor- 
T h i s  row of elements i a  s p e c i f i e d  by t h e  
S t a r t i n g  a t  t h e  l e f t  end of t h e  j o i n t  model, t h e  
t h e  element of epoxy mat r ix  t h a t  bonds t h e  end of t h e  boron 
fiber t o  t h e  titanium s t r a p  (see fig. 3). The next  element 
i n  t h o  row is boron and t h e  a x i a l  e t r e s a  a t  t h l s  po in t  ( t h e  
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c e n t r o i d  of t h e  e lement )  has  Increased  c o n s i d e r ~ b l y .  F w m  
t h i s  po in t  t h e  stress con t inues  t o  i n c r e a s e  a long  t h e  l e n g t h  
of t h e  f i r s t  s tep .  A t  t h e  s t a r t  of t h e  second s t e p  y-ierti i s  
m o t h e r  ab rup t  i n c r e a s e  i n  t h e  a x i a l  stress of t h e  f i be r .  
T h i s  peak stress is t h e  maximum a x i a l  stress i n  t h e  j o i n t  
and is caused by t h e  dec rease  i n  e f f e c t i v e  c r o s s - s e c t i o n a l  
a r e a  a t  t h e  epoxy bond between t h e  t i t a n i u m  s trap  and t h e  
end of  t he  second boron fiber. From t h f s  po in t  t h e  stress 
c o n t i n u s l l y  dec reases ,  w i t h  p r o g r e s s i v e l y  decrens inq  p e r t u r -  
bat8c?ns caused by t h e  success ive  steps, mt11 t h e  end o f  t h e  
t i t a n i u m  s t r a p  i s  pnssed. From ?e end of  t h e  s t r a p  t o  t h e  
end of t h e  model t h e r e  Are no f u r t h e r  chenFes i n  c o n f l m r a t i o n  
end t h e  a x i a l  s t r e s s  is c o n s t a c t  (0.74 t imes  t h e  p e n r  stress).  
F igure  8 r e a d i l y  p o i n t s  out  where the maximum stress occurs  
i n  t h e  boron flber and shows t h e  Rxiai  stress p r o f i l e  of 8n 
i n d i v i d u a l  p l y  of a bonded s t e p  j o i n t .  
S ince  t h e  shear Btresses on t h e  boron f ibers  w e  s m ~ l l  
t hey  were not  p l o t t e d  but a r e  presented  i n  Table 1. The 
computed v a l u e s  i n  t h e  tab le  a r e  for t h e  row of e lements  
c o n t a i n i n g  the  first p ly  of boron. I n  t h e  t a b l e  t h e  
normnllzed values and t h e  a c t u a l  s t r e s s  va lues  of t h a  s h e a r  
stress are llstec!. These a c t u a l  stress vo lues  are der ived  
fron t h e  Imposed d i s p l a c e w n t  (- cm) p rev ious ly  t e s c r i b e d  . OI832 
This displacement  1s r e p r e s e n t a t i v e  of t h e  nversge s t r e i n ,  
over t h e  l e n g t h  of t h e  model, f o r  a r e a l i s t i c  des ign  u l t i rnn te  
TABLE I.-Computsd shear stress along the  row of 
elements containing the first ply of boron 
fiber s o  
Element 
number 
433 
434 
435 
436 
437 
438 
441 
442 
443 
444 
445 
446 
449 
450 
451 
452 
453 
454 
455 
456 
447 
458 
8: 
tt: 
Distance along 
model, cm 
Sheer stress, 
T, 
f/f -* 
0 000 
00001 
0 a003 
0.063 
O 646 
0 0016 
10000 
0 0255 
00115 
003hl 
0.0% 
0,129 
OOOS1 
00137 
00015 
00008 
00025 
0 0014 
0.000 
OoO25 
0.033 
0.045 
00005 
0.002 
0 0000 
O 352 
Crcr = 12.25 MPa 
mBX 
,’ ’0 
i o a a  , 
Since t h e  load I s  t r a n s f e r r e d  from t h e  t i t m i u r n  s t r a p  
t o  t h e  boron fibers through t h e  mat r ix ,  t h e  sbser  l o s d i n g  
of t h e  ma t r ix  is important .  FiFure 9 is a p l o t  of t h e  
normalized s h e a r  stress ns e f u n c t i o n  of f l i s t a n c e  crlonq t h e  
model f o r  t h e  epoxy m a t r l x  row of elemellls. T h i s  row of 
elements  is specified by the I n b e l e d  Rnc? 8 o t t e d  m e a  in t h e  
schernntic tat t h e  t o p  of fir. 9 .  As prev jous lg  stmted, t h e  
s t r e s s e s  a r e  computed e t  t h e  c e n t r o i d  of each element. 
S t a r t i n e  a t  t h e  l e f t  edge of the  model, t h e  sheer  stress is 
z e r o  n e a r l y  a l l  t h e  way t o  t h e  first s t e p .  I!etar t h e  first 
s t e p  and i n  t h e  t i t m f u m  s t r a p ,  t h e  stress I n c r e a s e s  r a p i d l y  
t o  8 maxlmwn, The stress t h e n  dec reases  somewhat j n  t h e  
f irst  element of epoxy, bu t  peaks aga in  i n  t h e  second element 
of epoxy. T h i s  second element of epoxy is i m e d i r r t e l y  below 
t h e  end of t h e  boron f iber  pnd is exposed t o  t h e  h i v h e s t  
s h e a r  stress of any of t h e  epoxy motrix. In f m t  t b i s  stress 
I s  0.9 times t h e  peak shear  s t r e s s  i n  t h e  t i t r rnium. The 
ma t r ix  immediately below t h e  end of t h e  f i b e r  i s  t h e  l o c a t i o n  
a t  which i n i t i a l  j o i n t  f a i l u r e  would be expected t o  occur. 
From t h i s  po in t  t h e  s h e a r  stress c o n t i n u a l l y  dec reases ,  w i t h  
p r o g r e s s i v e l y  arnal ler  p e r t u r b a t l o n s  caused by t h e  success ive  
a t e p s ,  t o  t h e  end of t h e  model where t h e  shea r  stress i s  
zero. 
Since t h e  a x i a l  stresses i n  t h e  epoxy m s t r ¶ x  Are 
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r e l a t i v e l y  s m ~ l l ,  t h e y  were not plot ted but me pms-mted 
i n  Teble I T ,  moth t h e  norm8lieed And a c t u n l  vAlues bre 
presented ,  The a c t u a l  s t r e s s  v a l u e s  ape derjved from t h e  
0.072 
imposed displacement  of 332r cm. 
I n  t h e  enmlysis two s p e c i f i c  l o c a t i o n s  were consfdezm.; 
t h e  rnntrix element exhjkitlna tt;e h i p h e s t  s b e m  s t r e s s  ( f i n ,  9 )  
nnd t h e  element of tbe k o r m  f i b e r  b r n e d l a t e l y  a9ove the 
ma t r ix  element. F l ~ u r e  10 p r e s e n t s  t h e  nx i f t l  stress d s t e  
f o r  t h e  m t r i x  element. The normalize@ ~ ~ $ 9 1  stress is 
p l o t t e d  A S  A f u n c t l o n  of t h e  elrratic vodulus of t h e  sdheaive. 
The f o u r  cu rves  Are f o r  tklc different r r q t r f x  e l t s t i c  modiili 
used in t h e  s tudy.  ft i s  c l e a r  t h t  tbere I s  no s l p n i f i c a n t  
chanfre i n  t b e  stress due t o  chnnpes i n  t h e  moduliis of t!w 
edhesive.  Th i s  I s  no s u r p r i s e .  The adhes’lve W A S  onlv  used 
t o  bond l a y e r s  of rnPterja1 t o p e t h e r  ( f l c s ,  2 nnd 3 )  And, flue 
t o  i t s  low modulus ve lue  has low load ing  (fip. S ,  4 ,  and 7). 
There i s  a s i g n i f i c a n t  c h m a e  i n  t h e  n x i n l  s t r e s s  of the 
mntr ix  due t o  changes i n  s t i f f n e s s  thouph. F lpu re  11 shows 
t h i s  more c l e a r l y  t h a n  fit. 10 by p l o t t j n a  t b e  normalized 
a x i a l  stress FIS 8 f u n c t f a n  of‘ t!w e l a s t l c  nodulus of‘ t h e  
matrix. The i n c r e a s e  In the  stress I s  d4ractlg p r o p o r t i o n a l  
t o  t h e  i n c r a e s s  i n  t h e  modulus. Even w¶th  A two  fold 
i n c r e a s e  i n  t h e  stress frop t h a t  of t h e  nomine1 v a l u e  (3100 
MPa) t h e  modulus of t h e  matrix is t o o  sma l l  t o  p r e n t l y  
change t h e  o v e r a l l  loadin?  of t h e  model. 
a d  
TABLE TI.- Computed a 4 ~ @  stress along the POW of 
elements containing @pox$ matrix of the fimt 
ply of boron-epoxg. 
Element 7 Distance along model, cm Axial stress, 0 ,  Pa 1.000 0.998 O 0989 0.037 
00025 
0.026 
e . O ~ A  
0,031 
O 0023 
0,024 
0.024 
0.027 
0 0022 
0,022 
0 0022 
0.024 
00021 
0.020 
0 0021 
0 0022 
0,023 
0,023 
0,023 
0.023 
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The load i s  t r a n s f e r r e d  from t h e  t i t n n i u m  s t r a p  t o  t h e  
boron f i b e r s  by shear deformation of t h e  epoxy metr ix .  
F igu re  12 p r e s e n t s  t h e  fiormnlised s h e m  stress on t h e  metrix 
m a t e r i a l  as a f u n c t i o n  of t h e  edbeslva nodulus.  The data  
presented  i n  t h e  fiRure is f o r  t h e  ma t r ix  element e x h i b i t i n g  
t k e  h fQhes t  s h e a r  stress (figs. 3 m d  9 ) .  The envelope 
i n d i c a t e d  by t h e  d o t t e d  a l e 8  r e p r e s e n t s  t!w t o t a l  chnnge 
due t o  c h e n p s  i n  t h e  s t i f f n e s s e s  of t h e  Rdhesive nnC matrfx. 
The change i n  t h e  s h e a r  stress due t o  chengine t h e  moeulus 
of t h e  adhes i . a  i s  i n s j m i f i c a n t .  Altbouph changing t F e  
s t i f f n e s s  of t h e  ma t r ix  i n c r e a s e s  the s h e n r  s t r e s s  on t h e  
element,  t h e  i n c r e a s e  is prac t i ca l ly  j n s i g n i f l c a n t .  
Figure 13 shows t k e  normalizecl a x j a l  stress of  t h e  
boron f iber  p l o t t e d  as CI f u n c t l o n  of t h e  e l a s t i c  modulus 
of t h e  adhesive.  The p o r t i o n  of t h e  f i be r  cons ldered  1 s  
t h e  element d i r e c t l y  above t h e  ma t r ix  element w i t h  the 
h i g h e s t  shear stress. Apain t h e r e  is no s i F n i f i c e n t  change 
i n  t h e  stress due t o  chanpes i n  t h e  P d h e s l v e  modulus. There  
are changes, however, i n  t h e  s t r e s s  due t o  t h e  changes i n  
t h e  mat r ix  modulus. Figure 14 shows t h i s  more c l e a r l y  then  
fig. 13 by p l o t t i n g  t h e  normalized e x i ~ l  stress of t h e  
boron-f iber  element as A f u n c t i o n  of t b e  e l a s t i c  ma t r ix  
modulus, There i s  P s l g n i f i c a n t  change i n  t h e   xie el s t r e s s  
of the f i b e r  element ,  I n c r e a s i n g  the modulus of t h e  mAtrix 
from 13PO MPa t o  6900 MPa i nc reeeea  the  exicrl s t r e s s  of t h e  
. 
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f i b e r  element by 12 percent .  
The a x i a l  stress of t h e  boron f iber  i s  fncrensed  by the 
u8e of (r stiffer matr ix .  This  in format ion  can  be used 8s A 
t o o l  i n  t a i l o r i n g  j o i n t s  t o  s p e c i f i c  a p p l i c a t i o n s .  For  
example, if t h e  peak shee r  stress In t h e  mntr ix  i s  not  
d e t r i m e n t a l ,  t hen  t h e  i n c s r p o r a t i o n  of R s t i f f e r  rnntrfx 
would R i d  i n  t r a n s f e r r i n p  tile load through t h e  j o i n t  i n  A 
shor te r  d i s t a n c e  snd hence would r e s u l t  I n  a l l R h t e r  weivht 
s t r u c t u r e .  Vsirrg alumlnum as t h e  s t i f f e r  m a t r f x  would 
decrense t h e  e f f i c i e n c y  of t h e  composlte (i.e.,  t h e  s t r e n e t h  
t o  weleht rat3.o would be less w i t h  t h e  alumlnum t hen  w f t b  
t h e  polymeric ma t r ix ) .  
ma t r ix  s t r f f n e s s  and composite e f f l c f e n o y  is reai i?red.  
Therefore  8 t r n d e o f f  between t h e  
Another wcly i n  which t h e  j o i n t  model could be used i n  
t h i s  type of a n a l y s i s  is t o  r e d i s t r i b u t e  t h e  l o a d  so t h n t  
i t  would be t r a n s f e r r e d  more evenly  throuqhout  t h e  e n t i r e  
j o i n t .  Th i s  could be Accomplished by t h e  use of 8 "soft" 
(low s t i f f n e s s )  ma t r ix  m a t e r i a l  i n  t h e  f'lrst p ly  nncl 
gradua l ly  i n c r e a s i n g  t h e  mat r ix  s t i f f n e s s  i n  t h e  success ive  
p l i e s  . 
Theee a r e  just two axemples of t h e  wclvs i n  which t h e  
f i n i t e  element model developed i n  t h i s  t h e s i s  cnn be used t o  
e i d  in t h e  development of more e f f i c i e n t  honded j o i n t s  o r  
joints t a i l o r e d  t o  a p e c i f l c  applications. The s tudy  made 
using th ie r  model ifj only m e  of many requ j r ed  i n  o rde r  t o  
31 
understan$ the influence of the var’ious parameters (¶.e.s 
s tep  length, mult ip le  plies per step, fiber stiffness per 
p ly ,  and matrix stiffness per p l y )  an6 the interactfans 
thereof i n  bonded composite j o i n t s .  
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lement model of a bonded, s t  P . 9  f n t  wa 
developed. The  j o i n t  des ign  was h y p o t h e t l c n l  and not  
intended t o  r e p r e s e n t  any s p e c i f i c  s t r u c t u r a l  j o i n t  hut 
was developed R S  A ver se t i l e  t o o l  f o r  1.srr'orminp s t u d f e s  t o  
ae te rmine  t h e  e f f e c t s  of vn r iou r  r r a t e r f a l  p r o p e r t i e s  nnd 
joint p;eometrfes on t h e  s t r e s s e s  il.n A lopdect  s t e p  ;of.nt. 
I n  t h i s  t h e s t s  only t h e  moctuli of t h e  eiihesjve ~ n c ?  t'ie m t r j x  
material were  v w i e d  i n  o rde r  t o  d e t e r v i n e  t h e  effect, i f  
m y ,  of each on t h e  s t r e s s e s  i n  t h e  brndec! j o i n t .  J t  wcls  
shown t h a t  t h e  stiffness of t h e  Rdheslve 9 s  used i n  t h e  
model had c s s e n t i a l l y  no e f f e c t  on s t r e s s e s .  
S t i f f n e s s  of t h e  mstrix m a t e r i a l ,  w5ich ,+I.Jo used
as t h e  adhes ive  between the t l t a n j u m  And t h e  horon-epoxy, 
d i d  e f f e c t  t h e  s t r e s s e s  i n  t h e  j o i n t .  Chanqim t h e  e l a s t f c  
matrix modulus changed t h e  stresses t o  some e x t e n t .  4lthough 
t h e  iacreasle i n  t h e  ma t r ix  modulus (by  a f a c t o r  of f i v e )  h d  
l i t t l e  e f f e c t  on t h e  shea r  stress of t h e  matrix, f t  d j d  
Increase t h e  l o c a l  axial s t r e a s  of t h e  boron f ibe r .  T h i s  
I n d i c a t e s  t h a t  t h e  s t i f f e r  ma t r ix  t r a n s f e r s  t h e  1t.d i n t o  
t h e  boron fiber more q u i c k l y  thcrn one w i t h  t h e  nomlnnl 
va lue  of e l a s t i c  modulus, 
The f i n i t e  element model developed in t h f s  t h e s f s ,  i n  
33 
conjunction w i t h  the NASTRAK computer propnm, is a v fab le  
t o o l  for maktng e e t a i l e d  analyses of the  stresses i n  an 
actual  s t e p  jo int  w i t h  an Imposed l o a d .  f t  can be used t o  
determine t h e  effects  of each of the  variables  i n  t h e  bonded 
l i n t  on the s t r e s s  djs tr ibut lon i n  the  j o i n t .  Therefore 
it  can be of s ign i f f cent  value i n  t b e  design of more efficierlr; 
j o i n t s  ta i lored t o  s p e c i f i c  appl icat  I ons. 
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omputer progran? I s  B f i n i t e  lement promam 
and r e q u i r e s  cons lde rnb le  Amount of computer storRpe, A 
minimum of l40,OCO o x t a l  l o c n t i o n s  of  core  s tornpe .  4 
d e t a i l e d  d e s c r l p t i o n  of tkle program fs Riven i n  r e f .  12. 
The model used i n  t h i s  s tR t i c  a n a l y s i s  WRS composed o f  
membrane elements .  Although t h e  axIR1, normal, end s h e w  
stresses were t h e  only p e r m e t e r s  used i n  t h i s  study, o t b e r  
perameters ,  such R Q  grid poin t  ? isplacement  m e  f o r c e s  nt 
t h e  cons t r a ined  @rie po in t s ,  were nlso computed. f i  sample 
o f  t h e  input  element (CQ91%?4), ar id po3nt ('XTn)# and t 5 e  
computed stress output  da ts i  is enclosed fn t h e  sippendlx and 
is pFinted i n  U.S. Customary Vnits .  L i s t ed  below i s  ~1 brief  
desc r iDt ion  of t h e  parameters  i n  ecrch of t h e  columns of t h e  
i npu t  element and g r i d  cards .  
Tlement Cards 
Column 1: CfTIb'EN is t h e  name of  t h e  a u s f l r 9 l s t e r a l  
membrane element . 
Column 2: The i n d l v i d u a l  element i d e n t i f i e r  
C o i m  3: The number t h a t  i d e n t i f i e s  t h e  element 
m a t e r i e l  ( t i t a n i u m ,  boron, etc . )  
Columns 4 - 7: The four g r i d  p o i n t s  of t h e  element 
35 
Column 8: Material property or ientat ion angle 
Grid Cards 
Column 1: G r i d  is  the  name used t o  iCent i fy  t h e  mild 
point 
Column 2: The individual  p r i d  point  i d e n t i f i e r  
Colilmn 3:  Tdentif lcntion number o f  coordinate svs ten  
in which t h e  loca t ion  o f  t h e  arid point  I s  
defined 
Column 4 - 6: Certesimn x, y, an6 7 coordjnete values 
Column 7: Rlank 
Column 8: G r i d  point constraints  
The rows of dot s  represent areas o f  omittec! data, and 
the output stress date is  f e l t  t o  be self-explnnptory. 
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